Brazil in 1985 and has recently spread to Asia. Resistance genes against this new 22 pathogen are very rare in common wheat populations. We screened 520 local 23 landraces of common wheat collected worldwide with Br48, a Triticum isolate 24 collected in Brazil, and found a highly resistant, unique accession, GR119. When F 2 25 seedlings derived from a cross between GR119 and Chinese Spring (CS, susceptible 26 control) were inoculated with Br48, resistant and susceptible seedlings segregated in a 27 15:1 ratio, suggesting that GR119 carries two resistance genes. When the F 2 seedlings 28 were inoculated with Br48△A8 carrying a disrupted allele of AVR-Rmg8 (an 29 avirulence gene corresponding to a previously reported resistance gene, Rmg8), 30 however, the segregation fitted a 3:1 ratio. These results suggest that one of the two 31 genes in GR119 was Rmg8. The other, new gene was tentatively designated as 32
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RmgGR119. GR119 was highly resistant to all Triticum isolates tested. Spikes of 33 GR119 were highly resistant to Br48, moderately resistant to Br48△A8 and a hybrid 34 culture carrying avr-Rmg8 (nonfunctional allele), and highly resistant to itsPhytopathology 
2016). Phylogenetic analysis suggested that the outbreak in 47
Bangladesh was caused by blast strains that most likely originated from South 48
America (Islam et al. 2016 : Malaker et al. 2016 . In 2017 wheat blast spread to India, 49 the second largest wheat-producing country in the world (Bhattacharya and Mondal 50 2017). It is an urgent task to stop its spread to other countries before it becomes 51
pandemic. 52
The symptoms of wheat blast appear mainly on the spikes. Fungicides are not 53 effective in controlling wheat spike blast if warm, rainy weather occurs during the 54 heading stage (Cruz and Valent 2017) . This may be explained by the fact that 55 This paper has been peer reviewed and accepted for publication but has not yet been copyedited or proofread. The final published version may differ. Phytopathology and white tissues with no apparent browning caused by hypersensitive reaction; and 5 163 = complete blighting of the spike. Infection types 0 to 3 were considered resistant and 164 4 to 5 were susceptible. All infection assays at the heading stage were conducted at 165 least twice. 166
Sequencing of AVR-Rmg8 homologs. Regions containing AVR-Rmg8 were 167
amplified from genomic DNA of Triticum isolates with primers, AVR-Rmg8_F1 and 168 AVR-Rmg8_R1 (Table 1) . PCR products were checked by electrophoresis on a 0.7% 169 agarose gel and then sequenced using the ABI BigDye Terminator v3.1 Cycle 170
Sequencing Kit (Applied Biosystems, Foster City, CA) and the ABI 3100 Genetic 171
Analyzer following the manufacturer's instructions. 172
Expression analysis of AVR-Rmg8 in wheat blast field samples from 173
Bangladesh. To confirm the expression of AVR-Rmg8 in fields, RNA-seq data from 174 symptomatic wheat samples collected in fields in Bangladesh (Islam et al. 2016) were 175 used. Short reads were mapped to the region of AVR-Rmg8 (Anh et al. 2018) 
in the 176
Br48 whole genome sequence (Yoshida et al. 2016) In all populations resistant and susceptible seedlings segregated in a 3:1 ratio ( (Fig. 1A) , resulting in a disruptant (Br48ΔA8_d6) in which AVR-Rmg8 was 213 replaced with the HPH gene (Fig. 1B) . When the F 2 population from GR119 x CS was 214 inoculated with Br48ΔA8_d6, resistant and susceptible seedlings segregated in a 3:1 215 ratio ( (Fig. 2) . This was expected because Rmg8 had been shown to be 223 effective at the heading stage (Anh et al. 2015) . On the other hand, GR119 showedPhytopathology high resistance to Br48, intermediate resistance to Br48ΔA8_d6 and 200R54, and 225 again high resistance to 200R54+A8 (Fig. 2) . Clear differences were recognized in 226 symptoms between Br48 and Br48ΔA8_d6 and between 200R54 and 200R54+A8. 227 These results suggested that (i) the strong resistance of GR119 is effective not only in 228 seedlings but in spikes, and (ii) may be attributed to additive effects of Rmg8 and 229
RmgGR119. 230
Distribution of avirulence genes corresponding to Rmg8 and RmgGR119. 231
The Kobe University collection of the wheat blast fungus was composed of Triticum 232
isolates collected in Brazil in the early period of the wheat blast emergence 233 [1990] [1991] [1992] . Br48 was a part of this collection. To examine whether Triticum isolates 234 other than Br48 also carried AVR-Rmg8, we selected 13 isolates that carried the Atm 235 or B types of PWT3 (Inoue et al. 2017 ) and therefore were virulent on wheat 236 cultivars/accessions irrespective of genotypes at the Rwt3 locus conditioning the host 237 specificity at the genus level (Inoue et al. 2017) . Anh et al. (2015) has already 238 reported that the 13 isolates were all avirulent on S615. They were also avirulent on 239 IL191, another Rmg8 carrier found in the present study (Table 5) . These results 240 suggest that these isolates in the early stage of wheat blast evolution carry functional 241
When the AVR-Rmg8 region was amplified with primers shown in Table 1 , 243 fragments with an expected size (1.45kb) were obtained from all of the 13 isolates 244 (Fig. 3A) . Sequence analyses revealed that the AVR-Rmg8 homologs were dividedPhytopathology into three types (Fig. 3B ). Type eI ("e" stands for eight) represented by Br48 246 (LC223814) were shared by three isolates (Table 5) . Type eII had 8 nucleotide and 5 247 amino acid substitutions in comparison with eI ( Fig. 3B ) and was shared by 9 isolates 248 (Table 5 ). Type eII' had one nucleotide and one amino acid substitutions in 249 comparison with eII ( Fig. 3B ) and was found in one isolate (Table 5 ). There was no 250 correlation between the AVR-Rmg8 types of these isolates and the degree of their 251 avirulence on IL191 (Table 5) . Bangladesh during the outbreak of wheat blast in 2016 were mapped to regions of 258 AVR-Rmg8 and PWT3 in the whole genome sequence of Br48 (Yoshida et al. 2016) . 259
No reads were mapped to the PWT3 region as expected (Fig. 4B ). By contrast, many 260 reads with a 100% match were mapped to the AVR-Rmg8 region (Fig. 4A ). These 261 results indicate that Bangladeshi isolates carry the Br48 type (eI type) of AVR-Rmg8 262 and express it during the infection in fields. 263 GR119 was resistant to the 13 isolates collected in Brazil, and its resistance 264 tended to be stronger than IL191 as a whole (Table 5 ). However, there was no direct 265 Phytopathology
RmgGR119 (tentatively designated as AVR-RmgGR119) because AVR-RmgGR119 has 267
not yet been cloned. To obtain a clue to the distribution of AVR-RmgGR119 in the 268 population of Triticum isolates, five isolates were arbitrarily chosen from the 13 269 isolates, and sprayed onto F 2 populations derived from GR119 x CS. With all isolates 270 resistant and susceptible seedlings segregated in a 15:1 ratio ( Table 6 ), suggesting that 271 these isolates carry AVR-RmgGR119 in addition to AVR-Rmg8. 272
Development of a selection system for breeding. To introduce Rmg8 and 273
RmgGR119 from GR119 to elite varieties simultaneously, progenies carrying both 274 genes must be distinguished from those carrying Rmg8 alone or RmgGR119 alone in 275 each backcross generation. To check if it is possible, detached primary leaves of 276 GR119 (Rmg8/RmgGR119), S615 (Rmg8/-), and CS (-/-) were inoculated with Br48 277 and Br48ΔA8_d6. These cultivar-strain combinations include all of the four cases 278 from the viewpoint of resistance genes involved in the interactions: 279
Rmg8 alone (S615 -Br48), and none (the others). In this infection assay with 281 detached leaves the effects of Rmg8 alone and RmgGR119 alone were intermediate 282 (Fig. 5) . Detailed observation revealed that there were some differences between the 283 two genes in their modes of action on fungal infection. In the GR119 -Br48ΔA8_d6 284 interaction conditioned by RmgGR119 alone, the number of lesions was much reduced, 285 but once small lesions were formed, they developed to typical diamond-shaped 286 lesions (Fig. 5) . In the S615 -Br48 interaction conditioned by Rmg8 alone, thePhytopathology number of lesions was not reduced to the same extent as in the case with RmgGR119, 288 but lesion development was prevented, resulting in brown flecks (Fig. 5) . On the other 289 hand, resistance in the GR119 -Br48 interaction conditioned by both genes was 290 complete with no flecks or lesions (Fig. 5) . These results suggest that (i) Rmg8 and 291
RmgGR119 act additively in protecting plants against wheat blast and (ii) progenies 292 carrying both genes can be distinguished from others in segregating populations and 293 therefore are amenable to selection during backcrossing. for example, Louisiana, Mississippi, and Florida. Global warming will increase the 303 areas at risk because wheat blast is enhanced by high temperature and humidity. Thus, 304 new resistance genes are needed to control wheat blast in affected countries and to 305 prevent its spread to unaffected countries. 306
In the present study, we screened 520 landraces of common wheat collected 307 worldwide, and found 18 resistant accessions. This result gave us an initial impressionPhytopathology that new resistance genes might be easily found in the population of landraces. 309
However, all 18 accessions recognized AVR-Rmg8 (Table 2, Fig. 2) . Although 310 2015) . Rmg8 seems to be the most common gene among very rare wheat blast 314 resistance genes in common wheat populations. The 18 accessions were from Europe, 315 the Middle East, and West Asia (Portugal, Albania, Ukraine, Russia, Turkey, Iran, 316
AVR-Rmg8
Armenia, Azerbaijan, and Tajikistan) (Table 2) , where wheat blast has not been 317 reported. It is not clear why Rmg8 was maintained in common wheat populations in 318 those countries. 319
One of the 18 accessions, GR119 collected in Albania, carried a previously 320 unknown resistance gene in addition to Rmg8 (Table 4 ). The new gene was tentatively 321 designated as RmgGR119. Br48ΔA8_d6 gave clearer segregation than 200R54 ( Table  322 4) probably because the use of Br48ΔA8_d6 excluded effects of minor genes that 323
200R54 inherited from MZ5-1-6. Among wild isolates and hybrid strains of P. oryzae 324 preserved in our laboratory, there was no culture virulent on GR119 (data not shown). 325
Rmg8 and RmgGR119 acted additively to confer an enhanced level of 326 resistance relative to either gene alone, and the combination conferred complete 327 resistance (Fig. 5) . The infection assay with detached leaves made it possible to detect 328 the additive effect more clearly, probably because the leaf detachment compromisedPhytopathology resistance in some way. These two genes seem to act additively even at the heading 330 stage. In an infection assay with spikes, GR119 inoculated with Br48 showed higher 331 resistance than IL191 inoculated with Br48 and GR119 inoculated with Br48ΔA8_d6 332 (Fig. 2) . The resistance of IL191 spikes to Br48 is apparently conditioned by Rmg8 333 alone because this resistance is ineffective against Br48ΔA8_d6 (Fig. 2) . Also, it is 334 reasonable to infer that the resistance of GR119 spikes to Br48ΔA8_d6 is controlled 335 by RmgGR119 alone although there is no direct evidence such as infection assay with 336 a double disruptant of AVR-Rmg8 and AVR-RmgGR119. To produce such a disruptant, 337 AVR-RmgGR119 must be cloned. To clone this gene, a screening of mutants virulent 338 on GR119 is under way. 339
All Brazilian isolates tested carried AVR-Rmg8 homologs. They were divided into 340 three types, eI (the Br48 type), eII, and eII' (Fig. 3) . We have not performed 341 transformation assay to check whether eII and eII' are functional. However, they are 342 inferred to be functional because the carriers of these types are all avirulent on S615 343 (Anh et al. 2015) and IL191 (Table 5) carrying Rmg8 alone. If the eII and eII' types 344 were nonfunctional, (i) S615 and IL191 must carry another resistance gene (Rx), (ii) 345 the eII and eII' carriers must carry an avirulence gene (Ax) corresponding to Rx, and 346 (iii) Br48 (an eI carrier) must carry a nonfunctional allele of Ax or be a non-carrier of 347 Ax; a situation fulfilling all of these requirements seems unlikely. It should be noted 348 that transcripts from the eI type of AVR-Rmg8 was detected in a symptomatic field 349 sample collected in Bangladesh (Fig. 4) Bangladeshi isolates. AVR-RmgGR119 also seems to be common in Triticum isolates 355 (Table 6 ). Further segregation analyses as shown in Table 6 containing AVR-Rmg8 was amplified (A) and sequenced. Amino acid sequences of three types (eI, eII, eII') detected in these isolates are shown in (B). Refer to Table 5 for the AVR-Rmg8 type of each isolate. 
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